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ABSTRACT 

The  title  electrodes  were  constructed  by  co-immobilizing  the  respective  FAD  oxidases  on  solid 
electrode  surfaces  with  a  poly(vinyI  pyridine)  polymer  which  was  N-derivatized  with  bromo 
ethylamines  and  Os(bpy)2Cl2.  The  redox-polymer  -  enzyme  hydrogels  were  crosslinked  on  the 
electrode  surface  using  poly(ethylene  glycol)  diglycidyl  ether.  As  in  the  case  of  glucose  oxidase, 
the  redox  polymer  act  ds  an  electron  relaying  "wire"  transferring  electrons  directly  from  the 
enzymes’  FADH2  centers  to  the  electrode.This  transfer  competes  with  the  natural  process  of 
reoxidation  of  the  FADH2  by  molecular  oxygen .  The  variation  of  the  response  of  these  electrodes 
with  the  atmosphere  (N2  or  air),  pH,  and  substrate  concentration  was  determined.  The  pH  profile 
of  the  electrocatalytic  current  differs  from  that  of  the  activity  of  the  free  enzymes,  exhibiting  a 
broader  maximum,  shifted  to  higher  pH  values.  The  observed  sensitivities  and  linear  ranges  are 
respectively  :  2X10"2  A  M"1  cm"2  and  2.7  mM  for  L-a-glycerophosphate,  and  0.3  A  M"1  cm*2 
and  0.2  mM  for  1-lactate  that  may  be  compared  to  2X10*2  A  M*^  cm*2  and  10  mM  for  glucose. 
The  0-90%  response  time  for  all  electrodes  is  1  sec  or  less. 


INTRODUCTION 

In  contrast  with  low  molecular  weight  polymers  that  diffiisionally  mediate  electron  transfer  from 
the  enzymes'  active  center  {1-3)  to  electrodes,  high  molecular  weight  polymers  can  be  designed  to 
complex  with  redox  enzyme  proteins,  and  to  non-diffusionally  relay  electrons  from  the  enzyme 
redox  centers  to  electrodes.  In  these  complexes,  the  oxidized  redox  polymers  compete  efficiently 
with  oxygen  in  the  oxidation  of  substrate  reduced  enzyme  redox  centers  {4-6).  The  high  molecular 
weight  redox  polymers  connect  the  enzyme  redox  centers  to  electrodes  only  when  they  (a)  are 
adsorbed  on  the  electrodes  and  (b)  have  long  non-absorbed  segments  extended  into  the  solution 
that  complex  and  penetrate  enzyme  proteins.  These  superficially  contradictory  requirements  are 
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met  by  making  the  molecular  weight  high  enough  so  that  even  though  most  s^m«its  are  most  of 
the  time  unadsorbed,  i.e.  in  solution,  there  is  always  a  sufficient  number  of  s^mrats  adscxbed  to 
make  their  simultaneous  desorption  statistically  improbable.  In  the  special  case  of  crosslinkable 
enzyme-complexing  polymers,  three-dimensional,  enzyme-incorporating  hydrophilic  networks  of 
molecular  weights  greatly  exceeding  those  of  either  the  constituent  redox  polymer  or  of  the  enzyme 
can  be  formed  on  electrode  surfaces  ( 7-11), 

We  show  here  that  in  addition  to  redox  centers  of  glucose  oxidase  {11)  also  redox  centers  of 
glycerophosphate  oxidase,  and  lactate  oxidase  can  be  electrochemically  connected  to  electrodes 
through  crosslinked  redox  polymer-enzyme  hydrophilic  epoxy  networks  and  characterize  the 
resulting  glycerol  -  3  -  phosphate  and  lactate  dectrodes. 

EXPERIMENTAL  SECTION 

Chemicals.  L-a-glycerol  phosphate  oxidase  (GPO)  (1-a-glycerophosphate  :  oxygen 
oxidoreductase,  EC  1.1.3.21)  from  Aerococcus  viridans,  and  lactate  oxidase  (LOX)  (1-lactate  : 
oxygen  oxidoreductase,  former  EC  1.1. 3.2)  from  Pediococcus  species,  were  purchased  from 
Genencor  Int  (representatives  of  Toyo  Jozo)  and  were  used  without  purification.  Glucose  oxidase 
(GOX)  (D-glucose :  oxygen  oxidoreductase,  EC  1.1. 3.4)  from  Aspergillus  niger,  and  peroxidase 
(Donor:  H2O2  oxidoreductase,  EC  1.11.1.7)  from  horseradish  were  purchased  from  Sigma 
(catalog  numbers  G-7141  and  P-8250  respectively)  and  were  also  used  without  purification.  L- 
lactic  acid  and  D,L  -a-  glycerophosphate  were  also  purchased  from  Sigma.  D-glucose  was 
purchased  from  J.T.  Baker.  All  other  chemicals  (phenol,  o-dianisidine,  4-aminoantipyTine)  were  of 
reagent  grade  or  better  and  were  purchased  either  from  Sigma  or  Aldrich.  Water  used  was 
NANOpure®  and  the  buffer  most  commonly  employed  was  33  mM  phosphate,  .ISM  NaQ  at  pH 
7. 15  (to  be  referred  to  as  STD  buffer).  The  redox  polymer  (linear  PVP  of  q^proximately  50  Kda 
N-derivatized  with  Os(bpy)2Cl2  and  bromoethylamine  as  reported  earlier)  had  an  approximate 
equivalent  MW  per  osmium  center  of  1510  as  determined  by  elemental  analysis  and  UV 
spectrq)hotometry  {11).  The  diepoxide  used  was  poly(ethyl«ie  glycol)  diglycidyl  ether  purchased 
from  Polysciences  (cat  #  08210). 

Electrodes.  Modified  electrodes  were  glassy  carbon  discs,  3  mm  in  diameter  (V-10  grade 
vitreous  carbon  from  Atomergic).  The  glassy  carbon  rods  were  encased  in  teflon  cylinders  with 
deaerated  slow  setting  epoxy  (Armstrong)  and  the  teflon  cylinder  was  fitted  on  an  AFMSRX 
rotator  (Pine  Instruments). 

All  electrodes  were  treated  by  polishing  on  three  grits  of  sand  paper  and  then  successively 
on  four  gia^s  of  alumina  (20.  5,  1,  .3  micron)  with  sonication  and  thorough  washing  with 
NANOpure®  water  between  grades.  Background  scans  for  every  electrode  w^  taken  at  1000, 
500  and  100  mV/s  in  STD  buffer  to  make  sure  the  voltammograms  were  featureless.  The 
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electrodes  were  subsequently  washed  and  stored  in  a  desiccator  until  use.  The  average 
of  the  GC  electrodes  in  STD  buffer  was  29  +/-  5  pF/cm^. 

The  modification  procedure  was  simOar  to  that  reported  earlier  (77).  Electrodes  were 
prepared  either  by  depositing  the  components  sequentially  and  mixing  on  the  electrode  surface,  or 
(in  the  case  of  diffusion  studies)  from  a  common  mix  of  enzyme,  polymo*  and  crosslinker  when 
reproducibility  was  important  The  weight  ratios  of  enzyme  protein  to  non  enzymatic  material 
(contaminants  from  the  enzyme  isolation  process)  to  polymer  were  1: 3 :  S  for  LOX  and  1.5  : 0.5  : 
5  for  GPO  electrodes,  so  as  to  keep  the  operation  of  the  electrodes  in  the  kinetically  limited  regime 
(see  discussion  section)  and/or  to  keep  the  observed  current  densities  at  saturating  substrate 
concentrations  similar  for  both  types  of  electrodes.  The  mixtures  contained  6  %  (per  weight)  of 
crosslinker.  For  a  typical  electrode  a  total  of  about  8  pg  of  matoial  yielding  a  geometric  surface 
coverage  of  130  pg/cm^  was  applied  on  the  surface.  The  dry  thickness  of  such  electrodes  was 
about  .8  pm  as  determined  by  profilometry  and  SEM.  The  electrodes  were  left  to  cure  in  a 
desiccator  for  24  hours  under  reduced  pressure.  BefOTe  use  they  were  washed  by  incubation  in 
STD  buffer  for  at  least  8  hrs  (in  2  ml  volume)  under  vigorous  stirring.  The  solutions  in  which  the 
electrodes  were  washed  were  assayed  for  enzymatic  activity  and  protein  content  (see  below).  There 
was  no  effort  made  to  optimize  the  immobilization  procedure,  or  the  current  efficiency  or  the 
competition  with  O2;  Rather  the  goal  was  to  keep  the  CTOsslinldng  conditions  as  constant  and 
reproducible  as  possible.  Because  the  GPO  or  LOX  solutions  even  in  10  mM  HEPES  buffer  at 
pH  8. 1  are  not  particularly  stable,  an  effort  was  made  to  test  all  the  electrodes  during  the  same  12- 
24  hour  period.  This  requirement  was  particularly  important  for  the  enzymes  (otha*  than  glucose 
oxidase)  that  lost  activity  during  the  curing  process.  The  reproducibility  of  the  response  of 
electrodes  prepared  from  the  identical  enzyme-polymer  mixtures  was  +/-  10%  or  better,  as 
evidenced  by  the  scatter  in  both  maximum  current  density  at  saturating  substrate  concentration  and 
the  concentration  at  which  half  the  maximum  current  density  was  observed  ("apparent  Km"  or 
"half  saturation  point"). 

Electrochemistry.  The  electrochemical  experiments  were  performed  with  a  P.mceton  Applied 
Research  173  potentiostat,  an  175  PAR  universal  programmer  equipped  with  a  model  179  digital 
coulometer.  Signals  were  recorded  on  an  X-Y-Y*  Kipp  Zonnen  recorder.  The  chronoamperometric 
and  chronopotentiometric  experiments,  as  well  as  cyclic  voltammetry  at  less  than  ImV/s  were 
performed  with  the  help  of  a  273  PAR  potentiostat  interfaced  to  an  IBM  PC.  Unless  otherwise 
noted,  a  single  compartment  water  jacketed  100  ml  cell  was  used  thermostated  at  21.8  +/- 1 
with  an  aqueous  saturated  calomel  electrode  as  reference  (SCE)  and  all  potentials  are  reported  with 
respect  to  this.  A  platinum  wire  encased  in  a  heat  shrinkable  sleeve  with  a  frit  was  used  as  the 
ccHinter  electrode. 
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Unless  otho^se  stated  the  steady  state  current  was  monitored  with  the  electrodes  poised 
at  .45  V,  where  the  current  no  longer  varied  with  potential  (The  current  plateau  was  reached  at 
about  .39  V).  Concentrations  of  l^a-glycerophosphate  were  calculated  from  the  optical  rotation  of 
D,L-a-glycerophosphate.  For  the  GOX  electrodes,  concentrations  of  D-glucose  are  reported  even 
though  the  enzyme  only  catalyzes  the  reaction  of  the  D-glucose  comprising  about  60%  of  the 
total  D-glucose  concentraticn  aft^  mutarotadon  is  complete. 

Assays.  The  activity  of  the  enzymes  was  determined  in  all  cases  at  22  +/-  l^C.  A  series  of 
experiments  with  a  single  enzyme  normally  took  about  3-4  days  to  complete.  During  this  period, 
the  native  enzyme  stored  dissolved  in  pH  8.1  10  mM  HEPES  buffer  was  poiodically  assayed  for 
loss  of  activity  under  the  storage  condititms .  Concentrations  of  enzyme  solutions  were  determined 
from  the  extinction  coefficients  of  bound  FAD  in  GOX  and  GPO  (12-15)  (21.6  and  1 1.3  mM' 
^cm~^  respectively)  .For  LOX  the  manufacturer’s  specification  for  protein  content  was  accepted. 
However,  after  purification  of  the  enzyme  through  HPLC,  it  was  found  that  the  specific  activity 
and  protein  content  increased  fourfold.  For  determining  the  total  amount  of  protein  ,  the  Biorad 
microassay  method  was  used  (id). 

The  enzyme  assays  as  well  as  the  electrochemical  measurements  were  performed,  unless 
otherwise  stated,  in  STD  buffer  of  pH  7.15.  The  enzyme  assays  involved  the  peroxidase  catalyzed 
reaction  of  an  oxidizable  dye,  o-dianisidine  in  the  case  of  GOX ,  4-aminoantipyrine  and  phenol  in 
the  case  of  GPO  ,  and  4-aminoantipyrine  and  N,N-dimethylaniline  in  the  case  of  LOX  . 
Absorbances  were  measured  at  500  nm  for  the  former  and  565  for  the  later  and  the  known 
extinction  coefficients  were  used  for  quantitation  {17).  The  02-saturated  total  reaction  volume  was 
generally  about  3  ml,  and  the  dyes,  substrate,  and  peroxidase  were  present  in  excess.  The  mean 
specific  activities  of  the  purified  enzymes  used  were  24  units/mg  for  GPO  and  108  units/mg  for 
LOX. 


RESULTS  AND  DISCUSSION 

Results.  Figure  1  shows  that  lactate  and  glycerol-3-phosphate,  like  glucose,  are 
electrocatalytically  oxidized  at  electrodes  coated  with  3-dimaisi(mal  redox  polymer  qxixy  networks 
incorporating  the  respective  oxidases.  The  two  electrodes  were  made  with  diffoent  enzyme ;  non- 
enzymatic  material :  polymer  weight  ratios,  1.5  : 0.5  :  5  for  GPO,  1 ;  3  :  5  for  LOX  so  as  to  make 
their  current  densities  at  high  substrate  concentrations  -  where  these  no  longer  affect  the  current- 
similar.  The  loading  was  100  - 130  pg/cm^  of  the  enzyme  containing  epoxy.  The  current  densities 
of  the  resulting  electrodes,  at  high  substrate  concentrations,  were  within  about  20  %.  This 
condition,  achieved  experimentally  by  trial  and  error,  represents  a  specific  set  of  constituent  ratios. 
Comparison  of  electrodes  made  with  diffawit  enzymes  must  be  based  on  electrodes  with  similar 
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enzyme  to  polymer  ratios  (because  the  protein  is  an  insulaUX'  and  electron  transport  is  through  the 
redox  polymer),  and  also  with  similar  current  densities  i.e.  similar  total  enzymatic  activity. 
Furthermore,  the  immobilized  enzyme  activity  should  be  low  enough  to  make  the  electrodes 
(^>erate  through  the  widest  possible  range  of  substrate  concentrations  mth  the  turnover  of  the 
enzyme  being  rate  limiting. 

The  voltammograms  in  the  absence  of  substrate  showed  20-25  mV  peak  to  peak  separation 
for  dther  enzyme  electrode.  The  slowest  scan  rate  at  which  an  Os^'*'  reduction  wave  became 
obsovable  in  the  presence  of  substrate  was  2  mVs"^  for  GPO  and  5  mVs‘1  for  LOX. 

Figure  2  shows  the  current  density  as  a  function  of  substrate  concentration  in  argon  and  in 
air.  Because  the  electrodes  were  designed  fm*  equal  current  density  and  not  for  optimal  electron 
transfer  via  the  network  to  the  electrode,  oxygen  competed  effectively  in  the  oxidation  of  the 
FADH2  centers  of  LOX, 

The  pH  dependence  experiments  were  conducted  in  both  STD  buffer  and  universal  buffer 
(.004  M  each  of  sodium  citrate,  sodium  barbitural,  potassium  phosphate  and  boric  acid),  with  the 
pH  being  initially  at  7.15  and  then  changed  by  the  dropwise  addition  of  2  M  HCl  to  about  pH  4 
and  then  to  pH  10.5  with  2  M  NaOH.  The  electrochemistry  of  the  polymer  in  this  pH  range  did 
not  exhibit  substantial  differences.  However  at  the  extremes  of  the  pH  scale,  we  did  observe 
changes  in  the  peak  separation  and  the  height  of  the  peaks,  which  were  reversible  upon  pH 
restoration.  Above  pH  1 1,  irreversible  lowwing  of  peak  currents,  increase  in  peak  separation  (50- 
100  mV)  and  diffiisional  tailing  were  observed.  The  changes  in  current  between  pH  4  and  10.5 
were  not  totally  reversible  in  GPO  and  LOX  electrodes,  but  were  levCTsible  for  GOX  electrodes  up 
to  pH  10.5. 

Figure  3  shows  the  pH  dependence  of  the  currents  imder  anaerobic  conditions  at  high 
substrate  concentrations,  where  the  current  does  not  increase  upon  adding  substrate. 
Incorporation  of  the  enzyme  in  the  redox  epoxy  network  broadens  the  pH  domains  of  maximum 
response  and  shifts  these  domains  to  higher  pH.  These  effects  are  observed  and  are  greatest  in 
glucose  oxidase,  shown  for  comparison.  In  glucose  electrodes  the  current  remains  within  20%  of 
its  maximum  over  the  entire  6.5  -  10.5  pH  range,  with  the  maximum  being  at  7.5  -  9.0.  In  the 
case  of  LOX,  the  current  is  within  20%  of  its  maximum  over  the  6.5  -8.5  pH  range,  the  maximum 
being  near  pH  8;  and  in  the  case  of  GPO  the  flat  region  is  at  pH  7.5  -  8.5,  peaking  at  about  pH 
8.2.  The  displacement  of  the  pH  maxima  versus  those  of  the  free  enzymes  is  of  three  pH  units  for 
GOX,  1.5  units  for  LOX,  and  .5  units  for  GPO.  These  differences  in  pH  dq>endence  will  be 
discussed  later. 

Figure  4  shows  the  temperature  dependence  of  the  currents.  The  experiments  were 
conducted  at  high  substrate  concentrations  under  argon.  The  Anhenius  current  plots  are  reasonably 
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linear  through  the  considered  tempoature  range  and  the  i^>parrat  activation  energies  are  59  KJ 
mol‘1  for  GPO  and  79  KJ  mol’^  for  LOX  electrodes. 

Modified  Eadie-Hofstee-type  plots  for  die  stationary  dectrode,  at  SO  ipm  rotaticm  and  at 
>3500  rpm  are  shown  in  Figure  5.  The  often  reported  linear  dependence  is  observed  in  the  GPO 
electrode  almost  regardless  of  rotation  speed.  In  the  case  of  the  LX)X  electrode  the  linearity  is 
observed,  however,  only  at  high  rotation  speed  (>4500  rpm). 

The  film  thickness  was  determined  by  integrating  the  area  of  the  quasi  steady-state  cyclic 
voltammogram  for  each  electrode,  and  expressing  the  thickness  as  total  amount  of  material  /cm^. 
The  scan  rate  was  1  mV/s  for  electrodes  up  to  130  pg/cm^  and  .1  mV/s  for  thicker  films.  A  sectmd 
method  for  determining  film  thickness  involved  double  step  chnmocoulometry ,  whidi  was  useful 
up  to  130pg/cm2.  In  the  thinner  films  the  results  from  such  determinations  were  within  2%  of  the 
thicknesses  calculated  from  the  amount  of  polymer  deposited  on  the  film  and  the  data  from 
elemental  analysis  and  UV  spectrophotometry  for  the  osmium  content  of  the  polymer.  This 
indicates  that  almost  all  the  polymer  remains  on  the  surface  after  immobilization.  For  thicker  films 
the  discrepancy  increased  to  about  20%  because  of  breakdown  of  the  applicability  of  the  methods, 
and  not  the  loss  of  polymer  after  immobilization. 

Figure  6  shows  the  variation  of  the  intercepts  of  the  modified  Eadie-Hofstee  plots  as  a 
function  of  the  thickness  of  the  enzyme  containing  redox  epoxy  network.  The  electrodes  again  are 
designed  to  have  similar  current  densities  at  high  substrate  concentrations  where  a  small  change  in 
concentration  does  not  affect  the  current.  The  GPO  and  LOX  electrodes'  Eadie-Hofstee  slopes  are 
essentially  independent  of  film  thickness,  being  about  2.5  mM  for  GPO  and  0.18  mM  for  LOX. 
The  variation  of  the  intercepts,  i.e.  current  densities  at  infinite  substrate  concentrations  with  film 
thickness  is  linear  at  least  through  the  0-100  pg  cm‘2  range  for  LOX  containing  redox  epoxy 
networks  and  at  least  through  the  0-200  pg  cm*^  for  the  GPO  ccmtaining  ones. 

GPO  electrodes  have  a  much  shorter  shelf  life  than  GOX  electrodes.  After  1  month  storage 
at  room  temperature  (~25°C)  the  electrodes  retained  only  10%  of  their  activity,  while  GOX 
electrodes,  after  an  initial  loss  associated  with  curing  of  the  epoxy  network,  were  stable.  When 
catalase  was  coimmobilized  on  the  electrode  no  substantial  improvement  was  observed.  Though 
dry  GPO  is  quite  stable,  we  observed  severe  deactivation  upon  storage  in  pH  8.1  HEPES  buffer. 
Upon  one  month  storage  of  the  LOX  electrodes  at  room  temperature  (-'25oC)  no  current  was 
r^itained. 

The  response  times  of  the  electrodes  were  studied  by  measuring  the  response  of  the 
electrodes  to  steps  in  concentration  between  0  and  10  times  the  half  saturation  point .  The  studies 
were  done  in  a  10  ml  cell  with  the  electrode  rotating  at  different  rotation  rates  under  a  N2 
atmosphere.  In  all  cases  the  response  times  decreased  with  increasing  electrode  rotation  rate,  to 
our  4,(XX)  rpm  limit,  where  they  dropped  to  1-2  sec.  Thus,  we  were  measuring  the  mixing  time 
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not  the  true  response  time  of  the  electrodes.  (As  re^nse  time  we  define  the  time  needed  for  the 
re^nse  to  reach  90%  of  the  saturation  current) 

The  results  summarizing  the  pwformance  of  the  "typical"  electrode  as  a  smsor  are  depicted 
in  Table  I. 

Discussion.  In  enzyme  electrodes  with  3-dimensional  redox  polymer  networks  complexing, 
binding  and  electrically  interconnecting  the  redox  centers  to  electrodes,  the  following  processes 
define  the  observed  current : 

ki  k2 

Eox  +  S  ~  —  ES  ^  Er  +  P 

k-i 

k3 

Er  +  2  Rox  ^  Eox  +  2  Rr  +2  H'*’ 

Dct 

Rox  ,w  Rr,  w+ 1  ^  Rr,w  Rox,  w+ 1 

oo 

Rr  ^  Rox  (4) 

Equation  1  represents  in  combination  with  equation  2  the  reaction  of  the  enzyme  with  the  substrate 
(S)  by  a  uni  uni  uni  uni  ping  pong  mechanism,  accepted  for  GPO  and  GOX  {12,14).  The 
oxidized  form  of  the  enzyme  (Eqx)  forms  the  enzyme-substrate  complex  (ES)  having  an 
equilibrium  constant  k-i/kf.  The  complex  dissociates  with  a  rate  constant  k2  into  the  reduced  form 
of  the  enzyme  (Er)  and  product  (P).  At  this  stage,  the  enzyme  can  be  reoxidized  by  oxygen 
according  to: 


(1) 

(2) 

(3) 


ko 

Er  +  02  ^  E0X  +  H2O2  (5) 

Under  anaerobic  conditions,  equation  2  describes  the  reoxidation  process  adequately.  The  reduced 
enzyme  is  subsequently  oxidized  by  a  sequence  of  two  one-electron  transfCT  steps.  The  electrons 
are  transferred  to  the  oxidized  polymer  bound  relays  (Rqx)  « which  are  reduced  with  a  rate  constant 
k3.  Finally,  electrons  transfer  through  the  redox  polymer  -  enzyme  network  with  an  overall 
"electron  diffusion  coefficient"  Dct  according  to  equation  3  which  describes  the  succession  of 
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electron  transfer  self-exchange  reactions  between  neighboring  redox  sites  (w,  w+1).  Dct  may 
increase  exponentially  with  the  cube  root  of  concentration  of  redox  centers,  if  the  electron 
propagation  is  a  percolative,  phonon-assisted  tunneling  process,  or  quadratically  (with  the  redox 
center's  concentration)  if  the  propagation  involves  chain  segm^t  collisions.  The  reoxidaion  of  the 
rday  at  the  electrode  surface  completing  the  seamd  part  of  the  catalytic  cycle  is  fast 

An  effort  has  been  made  to  model  and  simulate  this  set  of  equations  and  solve  for  the 
catalytic  current.  Saveant  (18)  has  solved  the  general  case  for  a  catalytic  first  order  reaction  on  a 
polymer  film.  Gough  (19,20)  and  others  (21-23)  have  tried  in  the  past  to  apply  this  analysis  to 
enzyme  electrodes.  No  analytical  solution  can  be  obtained  for  the  general  case  even  when  a  ping 
pong  mechanism  is  not  involved.  However,  in  order  to  semiquantitatively  interpret  the  results,  we 
postulate  that  after  applying  Aris'  (24)  analysis  to  the  problem  at  hand,  one  can  write  for  the 
catalytic  current : 


n  jmax  Kj/as  j 

j=  .  - .  (6) 


1  +  Krox/Crt  1  +  Krox/Crt  Cs 

where  j  is  the  current  density,  q  is  an  effectiveness  factor,  defined  as  the  ratio  of  the  actual  current 
density  over  the  current  density  that  could  be  obtained  under  kinetic  control,  jmax  =  2  FlJQCEt* 
where  F  the  Faraday  constant,  L  the  wet  film  thickness,  Clgt  the  total  enzyme  concentration  in  the 
film,  Kfox  =  k2/k3,  Ks  =(k2+k-i)/ki,  as  is  the  partition  coefficient  of  the  substrate  in  the  film, 
Cn  is  the  relay  concentration  in  the  enzyme-polymer  film,  and  Cs  is  the  substrate  concentration  in 
the  bulk  solution. 

Equation  6  looks  deceptively  simple.  This  is  so  because  our  inability  to  exactly  describe 
the  process  has  been  hidden  in  the  effectiveness  factor.  Were  we  able  to  describe  rigorously  the 
coupled  processes,  q  would  be  the  solution  of  the  differential  equations  describing  the  reactions  of 
equations  1-4.  In  this  case  q  would  depend  on  all  the  parameters  in  equation  6,  on  Dct  and  on 
the  diffusion  coefficient  of  the  substrate,  q  cannot  assume  a  closed  form  solution  unless 
simplifying  assumptions,  negating  the  very  purpose  of  mathematically  describing  the  process,  are 
made.  When  equation  6  is  plotted  in  the  usual  Eadie-Hofstee  form  of  j  vs  j/Cs,  the  plot  is  rarely  a 
straight  line.  Unless  there  is  an  unusual  coincidence  of  parameter  values  a  linear  plot  is  not 
obtained,  i.e.  q  *  1  unless  the  current  is  not  limited  by  either  substrate  or  electron  diffusion.  Such 
plots  can  be  used  as  a  semiquantitative  diagnostic  test  for  the  characterization  of  immobilized 
enzymes  in  general  (25,26)  Experimentally  one  can  distinguish  between  substrate  diffusion 
limitations  and  electron  diffusion  limitations  by  varying  the  electrode  rotation  rate.  Above  some 
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rotation  rate,  no  external  diffusion  limitation  will  prevail.  In  the  absence  of  internal  substrate 
diffusion  limitaticMi  and  of  electron  diffusion  limitation,  the  plots  become  linear  at  sufficiently  high 
rotation  >*ates.  At  this  point,  the  current  observed  is  the  kinetic  current  (described  by  equation  6 
when  n=i)-  There  are  additional  postulates  in  equation  6  which  will  be  discussed. 

Effectiveness  of  Electrical  Communication  via  the  3-Dimensionai  Network.  In 
designing  the  3-dimensional  enzyme  containing  redox  polymer  network,  we  seek  to  transfer 
electrons  from  the  enzyme  redox  centers  to  the  network  and  through  the  network  to  the  electrode, 
at  rates  exceeding  the  maximum  rate  of  electron  transfer  from  the  substrate  to  the  redox  centers  of 
the  enzyme,  i.e.  the  turnover  number  of  the  enzyme.  When  the  transfer  of  electrons  from  the 
substrate  to  the  network  is  fast  enough  to  maintain  a  sufficiently  high  steady  state  Os^*/Os^*  ratio, 
i.e.  to  make  the  Nemst  potential  of  the  film  reducing  relative  to  the  formal  potential,  only  an 
oxidation  current  is  observed  in  slow  scan  rate  cyclic  voltammograms.  This  oxidation  current  will 
be  maintained  until  the  ratio  Os^+ZOs^"^  decreases,  because  the  rate  of  supply  of  electrons  to  the 
network  from  the  substrate  through  the  enzyme  cannot  match  the  rate  of  oxidation  of  the  network 
on  the  electrode.  At  this  point,  the  Nemst  potential  of  the  network  will  become  sufficiently 
positive  for  a  reduction  current  to  appear  at  a  reducing  potential  relative  to  the  formal  potential  of 
the  network.  This  situation  will  arise  at  or  above  a  scan  rate  related  to  the  turnover  rate  of  the 
enzyme  and  its  relationship  to  the  efficiency  W'th  which  electrons  are  transferred  from  the  enzyme 
to  and  through  the  network.  As  seen  in  Fig.  Ic  for  GPO  this  rate  is  2mVs**  and  for  LOX  it  is 
SmVs'l.  For  glucose  electrodes  designed  to  exceed  in  their  enzyme  activity  (and  current  density) 
the  LOX  and  GPO  electrodes,  critical  scan  rates  are  of  20mVs**.  For  the  same  enzyme 
concentration  in  the  film,  the  increasing  critical  scan  rates  reflect  the  increasing  turnover  numbers 
for  these  enzymes  and/or  the  increasing  effectiveness  of  communication  via  the  network. 

Under  anaerobic  conditions  both  the  critical  scan  rate  and  the  current  density  reflect 
qualitatively  the  relative  rates  of  enzymatic  turnover  (process  described  by  equation  1 )  and  the 
effectiveness  of  communication  (process  described  by  equations  2  and  3).  Under  aerobic 
conditions,  the  current  density  and  the  suppression  of  current  relative  to  anaerobic  conditions 
qualitatively  reflect  the  effectiveness  of  communication  relative  to  the  rate  of  electron  transfer  from 
the  enzyme  to  O2  (process  described  by  equation  5).  As  seen  in  Fig.  2,  O2  competes  more 
effectively  for  reduced  LOX  electrons  than  for  reduced  GPO  electrons.  This  fact  may  signify  a 
highCT  k3  for  GPO  than  for  LOX,  and/or  a  higher  k©  for  LOX  than  for  GPO  (refer  to  equations  2 
and  5). 

pH  Dependence.  The  pH  dependence  of  the  current  in  “wired”  GOX,  LOX,  or  GPO  differs 
from  the  pH  dependence  of  the  enzyme-catalyzed  oxidation  of  the  substrates  by  O2;  the  maxima  are 
shifted  to  higher  pH  and  the  peaks  are  broader.  These  effects  might  be  explained  as  follows : 


At  higher  pH  the  polyanionic  enzyme-polycationic  polymer  complexes  are  tighter  because  the 
enzyme  has  a  greater  net  negative  charge  when  its  bases  are  deprotonated  and  its  acids  ionized. 
Because  of  the  tighter  binding  in  the  complex,  the  electron  transfer  distances  are  shorter  and  the 
electron  transfer  rates  faster.  The  broadening  in  the  pH  maxima  of  tlie  current  densities  (Figure  3) 
reflects  the  balancing  of  the  enhanced  electron  transfer  and  the  reduced  enzyme  activity  with 
increasing  pH. 

A  similar  argument  based  on  electrostatics  accounts  for  the  different  pH  dependences  when 
equation  2  represent®  the  rate  limiting  step  of  the  process.  The  Os^'*’  relays  abstract  electrons  from 
either  fully  reduced  (FADH2)  or  from  the  (FADH-)  radical,  transiently  present  because  of  single 
electron  transfer  to  Os^'*’.  The  pKa  of  both  of  these  species  is  between  6  and  7  in  unbound  FAD 
(27)  and  is  also  between  6  and  7  for  GPO  and  GOX  (15,28)  and  in  FMN  dependent  LOX  (29). 
Thus,  above  pH  7  the  species  from  which  Os^'*'  accepts  electrons  have  a  negative  charge.  The 
increased  electrostatic  attraction  between  the  donor  and  the  acceptor  at  higher  pH  again  shortens  the 
electron  transfer  distance  and  increases  the  rate  of  electron  transfer.  In  contrast,  higher  pH  causes  a 
decrease  in  the  rate  of  the  formation  of  the  peroxo  adduct  (28,30,31)  formed  upon  oxidation  of  the 
enzyme  by  02. 

DifTusional  Effects.  As  discussed  earlier,  linearity  of  Eadie-Hofstee  plots  is  unlikely  when  q  * 
1  (Equation  6).  The  condition  q  *  1  requires,  among  other  requirements,  also  that  substrate 
transport  to  the  film  not  limit  the  electrode  kinetics.  When  substrate  diffusion  to  the  electrode  does 
limit  the  electrode  kinetics,  i.e.  at  sufficiently  slow  rotation  rates  the  plots  are  non-linear  (Figure 
5),  When  the  enzyme  loading  is  high  and/or  when  its  turnover  rate  is  rapid,  mass  transport  can 
limit  the  electrode  kinetics  even  at  high  rotation  rates  and  the  Eadie-Hofstee  plots  remain  non-linear 
even  for  the  fastest  rotating  electrodes  (4500  rpm). 

When  linear,  the  intercept  of  the  Eadie-Hofstee  plots  is  expected  to  be  proportional  to  the 
amount  of  active  enzyme  in  electrical  contact  with  the  electrode.  As  long  as  the  electrical 
communication  is  maintained,  the  Eadie-Hofstee  intercept  is  expected  to  be  prcqxwtional  to  film 
thickness.  The  Eadie-Hofstee  slopes  should,  however,  be  independent  of  film  thickness  when  the 
concentration  of  polymer  and  enzyme  in  the  film  remain  constant  As  seen  in  Figure  6,  the  slopes 
are  indeed  independent  of  film  thickness  and  the  intercepts  are  proportional  to  film  thickness  in 
both  GPO  and  LOX  electrodes.  At  zero  film  thickness  the  intercepts  should,  however,  be  nil. 
That  this  is  not  exactly  the  case  reveals  a  small  systematic  error  in  our  estimate  of  film  thickness. 

The  slope  of  the  Eadie-Hofstee  plots  represents  the  apparent  Km  of  the  electrodes  and  is 
near  3mM  for  the  GPO  and  0.2mM  for  the  LOX  electrodes  analyzed.  The  slopes,  i.e.  the  apparent 
Km  values,  can  be  readily  varied  over  a  wide  range  by  changing  the  enzyme/polymer  ratio. 
Though  we  do  not  show  this  in  the  results,  the  slopes  have  been  increased  by  an  order  of 
magnitude  in  both  electrodes  by  increasing  the  enzyme/polymer  ratio.  As  expected,  when  the  ratio 
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was  increased,  the  Eadie-Hofstee  plots  became  non-linear  even  at  high  electrode  rotation  rates. 
Evidently,  either  diffusional  substrate  transport  or  electron  diffusion  in  the  electrically  insulating 
enzyme-enriched  network  and  not  the  enzyme's  turnover  capacity  now  cmtiolled  the  electrode 
kinetics. 
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Brief 


Redox  centers  of  glycerol-3-phosphate  oxidase  (GPO)  and  lactate  oxidase  (LOX)  were 
electrically  connected  by  hydrophylic  redox  epoxy  networks  to  electrodes.  Diffusional  processes 
can  be  suppressed  with  appropriate  manipulation  of  the  eelctrode  construction  parameters.  Both 
electrodes  are  fast  (0-90%  risetime  <2sec)  and  sensitive  (GPO  -  0.02A  M'^cm^,  LOX  -  0.3A  M" 
^cm'2). 
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Half  saturation  point  (mM) 

Current  density  at  "Km"  (pA/cm^) 

Sensitivity  in  (A  M‘^cni‘2) 

Half  saturation  current/background  current/ratio 
%  current  loss  at  half  saturation  in  air^ 


2.6  +/-  .3  .16  +/-  .02 

45  +/-  .5  60  +/-  .3 

.02  +/-  .002  .3  +/-  .01 

32  43 

8  +/-  1  39  +/-  5 


1  Comparison  between  Argon  and  air  saturated  solutions  (0  and  .2  mM  [02]  respectively). 


Figure  Captions 


Figure  1.  Cyclic  voitammograms  demonstrating  the  catalytic  nature  of  the  anodic  currents  and  the 
"threshold"  or  breakpoint  in  scan  rate  for  the  appearance  of  reductive  waves.  Scans  (a)  1  mV/s,  in 
STD  buffer,  (b)  1  mV/s  after  the  introduction  of  10  times  the  half  saturation  point  substrate 
concentration,  (c)  lowest  scan  rate  value  where  reduction  wave  appears  :  GPO  2  mV/s,  LOX  5 
mV/s.  Electrode  construction  parameters  :  Typical,  thickness  :  130  pg/cm^.  All  electrodes  had 
diameter  3  mm  and  were  rotated  at  highest  rotation  rate  for  linear  ErH  plots. 

Figure  2.  Dependence  of  the  current  on  substrate  concentration.  The  insert  shows  the  fraction  of 
the  current  remaining  after  the  argon-purged  solution  is  air  saturated,  as  a  function  of  the  substrate 
concentration  expressed  in  multiples  of  the  apparent  Km  of  the  electrodes.  130  pgcm‘2  film 
thickness;  STD  buffer,  electrodes  rotated  at  3000  rpm. 

Figure  3.  pH  dependence  of  the  activity  of  the  native  enzymes  in  solution  and  of  the  response  of 
the  electrodes.  The  electrodes  were  rotated  at  1000  rpm  in  Argon  saturated  solutions  at  saturating 
substrate  concentrations. 

Figure  4.  Temperature  dependence  of  the  current.  Rotation  rate  was  2000  rpm;  film  thickness  20 
Mgcm'2;  sxD  buffer;  saturating  substrate  concentrations. 

Figure  5.  Eadie-Hofstee  plots  at  varying  angular  velocities.  STD  buffer,  21.7  ©C,  argon  saturated 
solution,  film  thickness  130  pgcm’2. 

Figure  6.  (a).  Variation  of  the  intercqjts  of  the  nnxlified  Eadie  -  Hofstee  plots  with  thickness.  The 
intercepts  were  calculated  from  plots  similar  to  those  in  Figure  5  for  each  electrode,  (b).  Variation 
of  the  slope  of  the  Eadie  -  Hofstee  plots  (calculated  similarly),  with  thickness. 


NATIVE  ENZYME 


J  (uA/cm2) 


J/[L-Lactate]  (uA/cm2  mM) 


J/[L-a-glycerophosphate]  (uA/cm2  mM) 


